Human cytomegalovirus (HCMV) modulates numerous cellular signaling pathways. Alterations in signaling are evident from the broad changes in cellular phosphorylation that occur during HCMV infection and from the altered activity of multiple kinases. Here we report a comprehensive RNAi screen, which predicts that 106 cellular kinases influence growth of the virus, most of which were not previously linked to HCMV replication. Multiple elements of the AMP-activated protein kinase (AMPK) pathway scored in the screen. As a regulator of carbon and nucleotide metabolism, AMPK is poised to activate many of the metabolic pathways induced by HCMV infection. An AMPK inhibitor, compound C, blocked a substantial portion of HCMV-induced metabolic changes, inhibited the accumulation of all HCMV proteins tested, and markedly reduced the production of infectious progeny. We propose that HCMV requires AMPK or related activity for viral replication and reprogramming of cellular metabolism.
Human cytomegalovirus (HCMV) modulates numerous cellular signaling pathways. Alterations in signaling are evident from the broad changes in cellular phosphorylation that occur during HCMV infection and from the altered activity of multiple kinases. Here we report a comprehensive RNAi screen, which predicts that 106 cellular kinases influence growth of the virus, most of which were not previously linked to HCMV replication. Multiple elements of the AMP-activated protein kinase (AMPK) pathway scored in the screen. As a regulator of carbon and nucleotide metabolism, AMPK is poised to activate many of the metabolic pathways induced by HCMV infection. An AMPK inhibitor, compound C, blocked a substantial portion of HCMV-induced metabolic changes, inhibited the accumulation of all HCMV proteins tested, and markedly reduced the production of infectious progeny. We propose that HCMV requires AMPK or related activity for viral replication and reprogramming of cellular metabolism.
herpesvirus | siRNA V iruses are dependent on host cell signaling pathways for replication and spread. Infection with the prevalent β-herpes virus human cytomegalovirus (HCMV) induces increased levels of protein phosphorylation and markedly alters host cell signal transduction pathways (1) . A portion of the phosphorylation changes induced by HCMV infection are attributed to the Ser/ Thr kinase encoded by the viral genome, pUL97 (2) , and others may derive from cellular kinase(s) packaged into virions (3) or from cellular kinases known to be activated by HCMV (4) .
Here we sought to more completely delineate the effects of HCMV infection on kinase signaling by performing an siRNA screen of the entire cellular kinome. The screen identified 106 kinases predicted to influence the production of virus. The hits included the 5′-AMP-activated protein kinase (AMPK), a sensor of cellular energy homeostasis. AMPK is composed of three subunits: a catalytic subunit, AMPKα, and two regulatory subunits, AMPKβ and AMPKγ. Activation of the kinase requires cooperative AMP binding to AMPKγ, which occurs stochastically with shifts in the AMP:ATP ratio, and phosphorylation of AMPKα at Thr172 (5, 6) . At least three different kinases are reported to phosphorylate Thr172 of AMPKα: Ca 2+ /calmodulindependent kinase kinase (CaMKK), TGF-β-activated kinase 1 (TAK1), and liver kinase B1 (LKB1) (7) . Activated AMPK phosphorylates a number of substrates to effect changes in central carbon metabolism, lipid metabolism, physiological homeostasis, cell growth, apoptosis, and gene expression (5) .
HCMV induces glycolysis (8) (9) (10) and also causes increased levels of the glucose transporter GLUT4 at the plasma membrane increasing glucose uptake (11) .
AMPK controls GLUT4 relocalization to the plasma membrane (5) , and this regulation likely links the kinase to altered metabolism in HCMV-infected cells. However, previous work indicates that pharmacological activation of AMPK during the early phase of HCMV infection can be deleterious to viral replication (12) , yet CaMKK activity is required for HCMV replication (7) . Thus, the connections between AMPK activity and metabolic changes during HCMV infection have remained unclear.
We confirmed the requirement for AMPK during infection, and we show that an AMPK antagonist, compound C, blocks HCMV-induced changes to glycolysis and inhibits viral gene expression. These studies argue that AMPK or a related, compound C-sensitive kinase is an essential contributor to metabolic changes initiated by HCMV and provide unique insight into potential antiviral strategies.
Results
Human Kinome Screen Identifies Putative Effectors of HCMV Replication.
We conducted an siRNA screen of the human kinome to perform an unbiased search for effectors of HCMV replication (Fig. S1A) . Three different siRNAs specific for each of 714 human kinases, kinase regulatory subunits, and hypothetical kinases, routinely achieved >98% transfection efficiency in fibroblasts. At 24 h posttransfection, cultures were infected with HCMV [0.1 infectious units (IU) per cell], and 96 h later, supernatants were harvested and assayed for virus. This schedule is designed so that the cellular kinase knockdown will be greatest during the peak period of viral replication and egress, and it permits detection of defects at any stage of the HCMV replication cycle. Each experiment included siRNA to GFP, with no effect on HCMV yield, and to the immediate-early viral gene product IE2, which reduced the yield by a factor of ≥100, as controls (Fig. S1B) . The yield of virus in each sample was normalized to the plate median, log 2 transformed, and a robust z score was calculated (13) . The normalization strategy set the median robust z score at 0, with a median absolute deviation (MAD) of 1 (Fig. 1A) .
Kinases were considered hits if at least two of the three siRNAs altered the virus yield by ≥2 MAD; that is, a robust z score of ≥2 or ≤ −2. Using these criteria, we observed a false discovery rate of 2.6%, based on the spurious identification of the control siRNA as a hit. Our screen identified 77 kinases (10.7% of those screened) whose knockdown impaired HCMV replication and 29 (4.1% of those screened) whose knockdown increased the yield of infectivity (Fig. 1B and Fig. S2 and Dataset S1). The hits included eight kinases for which all three siRNAs tested gave significant effects on HCMV replication: knockdown of CSNK1A increased yield of HCMV, whereas targeting TAF1, PCK1, NME5, DYRK1A, CSNK1D, CDKL2, CDC2L5, or WEE1 decreased virus replication. Our list of hits included cyclin-dependent kinases (CDKs), multiple members of the extracellular signal- related kinase (ERK1/2) signaling pathway, and kinases regulating translation (including EIF2AK1 and RPS6KA3); each of these has previously been linked to HCMV replication (12, (14) (15) (16) (17) (18) (19) (20) (21) . Importantly, a role in the HCMV replication cycle has not been confirmed for the majority of the kinases identified in this screen. The hits, therefore, comprise kinases of potential importance for HCMV replication and spread.
Hits predicted to influence HCMV replication were analyzed to identify signaling pathways and classified on the basis of known kinase families (22, 23) , revealing an enrichment for kinases that regulate aspects of cellular metabolism and major cellular signaling pathways (Table S1 ). The identified kinases were also clustered into functional networks (24) (Fig. 2A and Fig. S3 ). A distinct cluster involved nucleotide diphosphate kinase family members NME1-NME2, NME3, and NME5, all of which were identified as hits whose knockdown decreases the yield of HCMV ( Fig. 2A, Right) . Nucleotide diphosphate kinases transfer a phosphate group from a nucleoside triphosphate to a nucleoside diphosphate, e.g., from GTP to ADP to yield GDP and ATP. Epstein-Barr virus modulates NME1 activity during infection (25) . A second cluster focused on AMPK, the upstream kinase CAMKK, and downstream metabolic effectors ( Fig siRNA targeting AMPK-related subunits was assayed for effects on HCMV replication. The siRNA result with the greatest absolute difference from zero for each triplicate is plotted against the distribution of robust z scores for the entire kinome screen. Genes contained within brackets did not meet our criteria for inclusion as a hit; in these cases only one of the three tested siRNAs produced a robust z score >2 or <2. (C) Confluent, serum-starved fibroblasts were infected with HCMV at a multiplicity of 0.1 IU per cell and treated with AICAR (0.01-1 mM), compound C (0.2-20 μM), STO-609 (0.1-10 μg/mL), or DMSO alone (drug vehicle) at different times postinfection. Yield of infectious virus was assayed and normalized to DMSO control. Left). Given that this cluster related to our recent exploration of glycolytic and tricarboxylic acid cycle (TCA) cycle changes during HCMV infection (8, 10, 26) , we chose this avenue for further exploration.
AMPK Pathway and Lipid Kinases Are Enriched Among Hits. Multiple siRNAs targeting the α-1 isoform of the AMPKα catalytic subunit, PRKAA1, or the γ-1 isoform of the AMPKγ subunit, PRKAG1, decreased the yield of infectious HCMV (Figs. 1B and 2B). One siRNA targeting the γ-3 isoform of AMPKγ, PRKAG3, also caused a significant reduction in virus yield (Fig. 2B) , but the other two siRNAs targeting this isoform did not score and consequently PRKAG3 did not meet our criteria for inclusion as a hit. Other AMPK subunits were not identified in the screen, perhaps due to tissue specificity of expression or redundancy (5, 27) or to less robust knockdown by siRNAs. Activation of AMPK function requires both AMP binding to the γ-subunit and phosphorylation of the regulatory Thr-172 residue on the α-subunit (5). Three kinases are known to phosphorylate Thr172 of AMPKα: CaMKK, LKB1, and TAK1, and it has been speculated that there may be other activators as well (5). Our screen identified CaMKKα (CAMKK1) as a kinase required for HCMV replication (Figs. 1B and 2B). This is consistent with a recent report that pharmacological inhibition of CaMKK impedes HCMV replication (7) . In contrast, knockdown of LKB1 and TAK1 did not meet our criteria to be considered hits (Fig. 2B) .
The screen also identified substrates of AMPK and downstream effectors. These downstream effectors included glycogen synthase kinase (GSK3A), PI3K family members, and one isoform of phosphofructokinase (PFKM) (Dataset S1).
Compound C Inhibits the Production of HCMV Progeny. To further verify our siRNA results, we turned to pharmacological modulators of AMPK activity. Serum-starved, confluent fibroblasts were infected with HCMV (0.1 IU per cell) and treated with either the AMPK activator AICAR, the AMPK inhibitor compound C, or the CaMKK inhibitor STO-609. At various times after infection, supernatants were harvested and assayed for infectious virus (Fig. 2C) . Treatment with compound C inhibited HCMV replication in a dose-dependent manner, in agreement with our PRKAA1 and PRKAG1 siRNA hits. STO-609 inhibited HCMV replication, consistent with previous results showing that CaMKK, an AMPK-activating kinase, is essential to HCMV (7). AICAR-mediated activation of AMPK also inhibited HCMV replication in a dose-dependent manner, as has been reported previously (12) . The observation that either an AMPK activator or inhibitor impairs HCMV replication could mean that a precise level or specific subcellular localization of AMPK activation by CaMKK is essential to HCMV replication or that AMPK must be down-regulated at some stages of the viral replication cycle, and activated at others. Alternatively, it could result from off-target effects.
Maximal AMPK activity requires two steps of activation: AMP binding to AMPKγ and phosphorylation of AMPKα residue T172 (5). ATP inhibits phosphorylation of AMPK (28) , and compound C is an ATP-competitive inhibitor of AMPK. To confirm that compound C altered AMPK phosphorylation, we monitored phospho-T172 AMPKα and total AMKPα levels in HCMV-infected cells treated with vehicle (DMSO) or compound C (Fig. 3A) . In the absence of drug, total AMPKα levels increased, whereas phospho-T172 AMPKα levels decreased during the late phase of infection. This phenomenon could be caused by any combination of (i) decreased phosphorylation by LKB1, TAK1, CAMKK or other activating kinases; (ii) increased dephosphorylation by known effectors; and/or (iii) lack of accessible pools of AMP (as AMP binding promotes phosphorylation of AMPK) (5) . At present we are unable to differentiate between these possibilities. In the presence of compound C, phospho-T172 AMPKα levels were reduced at all times assayed, and total AMPKα levels remained constant. To determine whether the increase in AMPK levels late after infection depends on the length of time that cells are maintained in stationary phase, uninfected cells were assayed for total and phospho-T172 AMPKα (Fig. 3B) . Importantly, total AMPKα was unchanged in the uninfected cells, indicating that the increase is specific to infection.
To evaluate the effects of compound C on HCMV protein expression, we used the same set of cell lysates to assay the steady state levels of several HCMV proteins representing different classes of protein expression: immediate-early (IE1), early (pUL26), and late (pUL83 and pUL99) (Fig. 3A) . Compound C instituted a block at the start of the viral replication cycle, blocking or delaying accumulation of each viral protein tested. Previous studies have demonstrated dramatic metabolic changes in HCMV-infected cells (8) (9) (10) 26) , and AMPK is a master regulator of multiple steps in metabolism and glucose utilization (5, 29) . We thus examined the effects of compound C on metabolites in fibroblasts that were either mock infected or HCMV infected by using liquid chromatography coupled to high-resolution mass spectrometry (Fig. 4 and Fig. S4) .
In mock-infected fibroblasts, compound C caused a massive depletion of most metabolites, including amino acids, nucleotides, glycolytic intermediates, and pentose phosphate pathway intermediates. This suggests a strong reliance of quiescent fibroblasts on constitutive AMPK (or related compound C-sensitive kinase) activity for metabolic homeostasis. Next, infected cultures were treated with vehicle control (DMSO) or compound C starting at 1 h postinfection (hpi), and metabolites were analyzed at 48 hpi. As previously observed (8, 10, 26) , HCMV infection increased the levels of intermediates in glycolysis, pyrimidine biosynthesis, and the TCA cycle, as well as nucleotides and acetylated amino acids (Fig. 4) . The effects of compound C were profound, with most of the metabolome changes due to HCMV reversed in the presence of compound C. One exception involved cytidine diphosphate (CDP)- ethanolamine and CDP-choline, which are used in the Kennedy pathway of phosphatidylcholine and phosphatidylethanolamine synthesis and remained elevated in the HCMV-infected, compound C-treated cells. Phosphatidylethanolamines are strongly enriched in HCMV virions (30) . Another involved N-acetylated amino acids (e.g., acetylaspartate, acetylglutamate, and acetylalanine). The mechanism by which acetylated amino acid levels are induced and their possible role in infection are not yet clear.
HCMV induces altered metabolite fluxes in addition to increased metabolite levels (26) . To examine potential flux changes induced by CpdC, we traced the incorporation of carbons from U- 13 C-glucose into cellular metabolites (Fig. S5A) . These experiments involved a very short labeling (1 min) to probe initial rates of labeling of glycolytic intermediates; capturing the initial labeling rate before isotopic steady state, which occurs at ∼2 min for glycolytic intermediates (10) , is essential to making inferences about metabolic flux. In addition, the experiments included a later time point (4 h) to characterize slower labeling events, particularly those in the TCA cycle. As reported previously, HCMV infection markedly accelerated the initial rate of labeling of fructose-1,6-bisphosphate (FBP) and dihydroxyacetone phosphate (DHAP), as measured by the labeled pool size 1 min after shifting into U-13 Cglucose. This initial labeling rate is a reliable indicator of metabolic flux, and the two typically covary linearly (26) . Compound C treatment of uninfected or HCMV-infected cells significantly decreased this rapid, presteady-state incorporation of labeled carbon into FBP and DHAP (Fig. S5 B and C) , indicating that the decreased size of metabolite pools is correlated with decreased glycolytic activity.
To examine carbon flow from glycolysis to the TCA cycle, we monitored the accumulation of 13 C-label from glucose to acetylCoA, which then feeds the TCA cycle by donating its two carbon atoms to oxaloacetate to form citrate, which subsequently cycles to malate (Fig. S5A) . After a 4-h labeling period with U- 13 Cglucose, HCMV infection increased labeling of both malate (Fig.  S5D ) and acetyl-CoA (Fig. S5E) , as reported previously (26), and compound C blocked these increases.
In uninfected fibroblasts, carbons from glucose predominantly enter the TCA cycle via pyruvate carboxylase-dependent conversion of pyruvate to oxaloacetate. This is evidenced by incorporation of three 13 C labels from glucose into malate (Fig.  S5A , pathway on Right). HCMV infection induces a switch toward increased carbon entry through conversion of acetyl-CoA to citrate (8, 26) , which results in the incorporation of two 13 Clabeled carbons from glucose into malate (Fig. S5A, pathway on Left). Compound C strongly blocked both routes of TCA cycle entry in both mock and HCMV-infected cells (Fig. S5D) .
These results are consistent with the conclusion that AMPK activity is required for a substantial subset of the metabolic changes induced during HCMV infection, including enhanced carbon flux through upper glycolysis and the glycolytic-TCA cycle interface.
Discussion
We have performed an siRNA screen to identify cellular kinases that modulate the production of HCMV progeny in fibroblasts (Fig. S1 ) and focused on a cluster of hits related to AMPK signaling ( Fig. 2A) . siRNAs to either AMPKα (PRKAA1) or AMPKγ (PRKAG1) reduced the production of infectious HCMV progeny (Fig. 2B) . The AMPK antagonist, compound C, inhibited the yield of HCMV in a dose-dependent manner (Fig.  2C) , consistent with a role for AMPK in the HCMV replication cycle. The drug markedly inhibited the accumulation of the immediate-early IE1 protein (Fig. 3A) , arguing that AMPK activity might be needed at the start of infection. Compound C also interfered with normal accumulation of early and late viral proteins, but this result is difficult to interpret because expression of the mRNAs encoding these proteins is dependent on IE1 protein (26) . Compound C blocked many of the alterations to core metabolism that have been described for HCMV (Fig. 4 and Fig. S5 ). As for most kinase inhibitors, compound C inhibits multiple cellular kinases (31) , and thus, results with the drug must be interpreted with caution. Nevertheless, the drug data, together with the fact that siRNAs to AMPK inhibit HCMV replication, are consistent with the view that HCMV remodels core metabolism through a mechanism that depends on AMPK or related kinase(s). This possibility is reinforced by the requirement for CaMKK, an AMPK activator, to generate optimal yields of HCMV (Fig. 2 B and C) and to elevate glycolysis after infection (11) .
The mechanism of CaMKK activation during HCMV replication has not been identified, but may hinge upon the release of calcium stores into the cytosol that occurs in HCMV-infected cells in response to the viral immediate-early protein, pUL37x1 (32) . Another AMPK activator may also be involved in maintaining an active AMPK pool during HCMV infection. In support of this possibility, treatment with STO-609 resulted in a less severe phenotype of viral protein expression than did treatment with compound C. Of note, neither LKB1 nor TAK1, the other established activators of AMPK via T172 phosphorylation, was identified as hits in the siRNA kinome screen. It remains possible that these kinases act redundantly in HCMV replication and thus were not identified by the screen. Alternatively, additional activators of AMPK may remain to be identified, or the cell type and growth conditions may alter the sensitivity of AMPK to AMP: ATP (33) , or the increases in AMP that occur during HCMV infection may activate AMPK, despite ATP also increasing. Finally, it is possible that HCMV modulates the cycle of AMPK dephosphorylation to maintain specific levels of AMPK activity.
AMPK activity favors HCMV replication by phosphorylating multiple substrates that switch on catabolic pathways producing ATP, as is evident in Fig. 4 , where compound C reduced ATP levels. In this regard, AMPK induces glucose uptake, providing fuel for glycolysis and the TCA cycle. However, activated AMPK also phosphorylates substrates that block ATP-consuming anabolic pathways. For example, active AMPK inhibits acetyl-CoA carboxylase (ACC), blocking fatty acid biosynthesis, and it activates the tuberous sclerosis protein complex (TSC1/2) to decrease mTOR signaling, disfavoring cell growth. Each of these alterations is exactly opposite to what is needed for HCMV replication (12, (34) (35) (36) (37) (38) . How is active AMPK decoupled from some of its downstream substrates? The HCMV pUL38 protein binds to TSC2 and prevents TSC1/2 from responding to AMPK phosphorylation (39) . Although ACC is induced and required for HCMV replication (34) , the mechanism by which it is protected from inactivation by AMPK after infection is unknown. It has been suggested that distinct thresholds of AMPK activity are required for activity toward each of its different substrates (40) . Specifically, phosphorylation of TSC1/2 by AMPK may require a higher level of AMPK activity than does AMPK activation of glucose transport and increased ATP production (40) . Such a possibility is consistent with AICAR inhibitory effects on HCMV replication: overactive AMPK might lead to inhibition of ACC or mTOR. Additionally, it has been speculated that distinct subcellular pools of AMPK or perhaps changes to the composition of the heterotrimer subunits could play a role (6) . Indeed, other viruses use a number of strategies to modulate AMPK activity and substrate selection (41) . It is noteworthy that AMPK activity and substrates are modulated in other viruses (41) . We therefore speculate that HCMV replication may use multiple mechanisms for directing the activity of AMPK.
In conclusion, a comprehensive RNAi kinome screen has identified many new potential effectors of the HCMV replication cycle. Two AMPK subunits were identified in the screen, providing a framework for interpretation of the virus' ability to institute profound changes in cellular metabolism.
Methods
Cells, Virus, and Drugs. Human MRC5 fibroblasts (ATCC) were maintained in DMEM with 4.5 g/L glucose (Sigma-Aldrich) supplemented with 10% FBS. BAD wt (42) , derived from HCMV strain AD169, was used in this study. Virus titers were determined by TCID 50 [dT]-3′, were used as positive and negative controls, respectively. After incubation in medium containing 10% FBS for 24 h, cells were infected with HCMV (0.1 IU per cell), and 96 h later, supernatants were assayed for infectious virus (45) by using the Operetta High-Content Imaging system (Perkin-Elmer) or a Nikon Eclipse Ti microscopy system with NIS-Elements AR software, and ImageJ analysis (46) to image 1,500 cells per siRNA. We detected higher yields of HCMV in the edge rows of each plate, as reported in other multiwell screens (13) . To minimize this problem, we relocated edge siRNAs to the center of another plate for analysis. Cytotoxicity of siRNAs targeting AMPKα subunits was assessed by trypan blue staining and counting cells at 72 h posttransfection. Transfection of negative control GFP siRNA gave 6.2 ± 7.1% dead cells, whereas the PRKAA1 siRNAs gave 10.1 ± 4.0 dead cells. These results were not statistically different (P = 0.367).
All P values were calculated by two-tailed, nonpaired t test. Robust z scores were calculated as described (13) with normalization to plate median values: robust z = [log2 (sample/plate median) − median log2 ratio]/median absolute deviation.
Western Blot Analysis. Protein samples were harvested in buffer with 1× protease inhibitor (Roche, EDTA-free tablets) and phosphatase inhibitors (1 mM sodium fluoride; 1 mM β-glycerophosphate; 1 mM sodium orthovanadate; 10 mM sodium pyrophosphate), and analyzed by Western blot (3). Primary antibodies were mouse monoclonal anti-α-tubulin (Sigma-Aldrich), HRP-conjugated mouse monoclonal antiactin (AbCam), mouse monoclonal anti-IE1 (1B12) (45) , mouse monoclonal anti-pUL99 (10B4-29) (47), mouse monoclonal anti-pUL83 (8F5) (48) , mouse monoclonal anti-pUL26 (3), rabbit anti-AMPKα (Cell Signaling), and rabbit monoclonal antiphospho-T172 AMPKα (Cell Signaling). Secondary antibodies were HRP-conjugated goat antimouse and goat antirabbit (Jackson ImmunoResearch).
Analysis of Metabolites. For glucose labeling and measurement of metabolite pools, fibroblasts were cultured to confluence in DMEM with 10% FBS and then maintained in serum-free DMEM. Cells were infected (3 IU per cell) and treated with DMSO or compound C (20 μM) at 1 hpi. At 46 hpi, 2 h before labeling, the medium and drugs on each plate were replaced with fresh serum-free DMEM. At the start of the experiment, cells received fresh medium containing U-13 C-glucose. After labeling, metabolites were extracted, dried, and resuspended as previously described (26, 49) . Metabolites were separated by liquid chromatography and analyzed using liquid chromatography coupled to an Exactive Orbitrap mass spectrometer (Thermo Fisher Scientific) according to established parameters (50) . Compounds were identified on the basis of retention time and exact mass, measured to <2 ppm mass accuracy. Data were analyzed using the metabolomic analysis and visualization engine (51) . Total metabolite pool sizes were calculated from the sum of isotopic forms observed.
